Introduction
============

Plant growth and development are regulated by both internal genetic programmes and external signals. When grown in soil, plants are exposed to various environmental stimuli, such as light, temperature, water, nutrients, pathogens, and mechanical forces. Among these environmental factors, the nutrient level has a profound effect on plant growth and development. Because plants are sessile organisms, those experiencing nutrient scarcity must display a set of responses to cope with this environmental stress. An essential nutrient that is often scarce is phosphorus (P). In soil, inorganic phosphate (Pi) is the major form of P that is taken up by plants through phosphate transporters on the root surface. In most soils, however, the Pi level is \<10 μM, which is below the concentration required for optimal plant growth ([@bib34]; [@bib32]). The responses of plants to Pi starvation include changes in root architecture (i.e. inhibition of primary root growth and formation of more lateral roots and root hairs), increased expression of Pi transporter genes, induction and secretion of acid phosphatases (APases) and RNases, and accumulation of anthocyanin ([@bib46]). Although these responses have been well documented in many plant species, the underlying signalling mechanism is poorly understood.

The regulation of plant responses to Pi starvation involves the plant hormone ethylene ([@bib28]). The level of ethylene was twice as high in Pi-starved than in non-starved common bean plants ([@bib4]). The change of ethylene level has also been found in tomato and *Medicago falcate* plants grown under Pi deficiency (P--) ([@bib14]; [@bib17]). When grown under P-- conditions, maize roots exhibited an enhanced sensitivity to ethylene ([@bib11]). In addition, [@bib20] found that treatment of *Arabidopsis* seedlings with the ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG) enhanced primary root growth under Pi-sufficient (P+) conditions but inhibited primary root growth under P-- conditions. Ethylene is also involved in Pi starvation-mediated root hair development. In the ethylene-insensitive *Arabidopsis* mutant *ein2*, the induction of root hair formation was partially blocked. Further anatomical examination indicated that P availability and ethylene have interacting but distinct effects on root hair development ([@bib21]; [@bib47]). Several genomic studies have demonstrated that, in Pi-starved root tissues, the expression of some genes related to both ethylene biosynthesis and signalling is altered (Mission *et al.*, 2005; [@bib38]; [@bib7]). All these results indicate that ethylene is an important mediator of Pi starvation-regulated root development. Previous findings regarding the *Arabidopsis* mutant *hps2* (*hypersensitive to Pi starvation 2*), however, demonstrated that in addition to regulating root growth when plants are exposed to Pi starvation, ethylene is also involved in regulating Pi starvation-induced (PSI) gene expression, APase production, and anthocyanin accumulation ([@bib15]). *hps2* was identified based on its enhanced expression of the high affinity Pi transporter gene *Pht1;4*. It was shown to be a new allele of the *CTR1* gene. Functional disruption of the *CTR1* gene causes plants to display a constitutive ethylene response. Under P-- conditions, treatment of wild-type (WT) plants with the ethylene signalling inhibitor Ag^+^ suppressed expression of *Pht1; 4*, whereas addition of the ethylene biosynthesis precursor 1-aminocyclopropane-1-carboxylic acid (ACC) dramatically enhanced its expression. Similarly, the expression of the *Pht1;4* gene is partially suppressed in the ethylene-insensitive mutant *ein2-5* but is enhanced in the ethylene-overproducing mutant *eto1*. A similar expression pattern was also observed for several other PSI genes in *hps2* and *ein2* mutants. In addition, production of PSI APase is enhanced in *hps2/ctr1* but is partially suppressed in *ein2*. [@bib16] also found that induction of APase in *M. falcate* roots could be stimulated by ACC under P+ conditions but that induction of APase in roots was blocked by the ethylene biosynthesis inhibitor AVG under P-- conditions. These results demonstrated that ethylene is a positive regulator of PSI gene expression and APase production. Ethylene, however, is a negative regulator of PSI anthocyanin accumulation because, under P-- conditions, *ein2* produces more anthocyanin but *hps2* produces less anthocyanin ([@bib15]). Recently, another *Arabidopsis* mutant *hps3* which is hypersensitive to Pi starvation has been characterized (Wang *et al.*, 2012). *hps3* was identified as a new allele of the *ETO1* gene which, when mutated, led to the overproduction of ethylene in *Arabidopsis* seedlings ([@bib41]). Although these results have clearly defined the role of ethylene in regulating multiple plant responses to Pi starvation, the molecular components that interact with ethylene signalling in regulating plant Pi responses have yet to be identified.

In this work, an *Arabidopsis* mutant, *hps4*, that exhibits enhanced sensitivity to Pi starvation was characterized. The *HPS4* gene encodes SABRE, which was previously identified as an important regulator of cell expansion in *Arabidopsis* ([@bib1]). It is demonstrated that HPS4 antagonistically interacts with ethylene signalling to regulate plant responses to Pi starvation. Furthermore, it is shown that Pi-starved *hps4* accumulates more auxin in its root tip than the WT, which may explain the increased inhibition of its primary root growth under Pi starvation.

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

All plants used in this study were of the Columbia ecotype background. The Pi-sufficient medium (P+) used was half-strength MS medium ([@bib26]) with 1% (w/v) sucrose and 1.2% (w/v) agar (Sigma catalogue no. A1296). The Pi-deficient medium (P--) was made by replacing the 1.25 mM KH~2~PO~4~ in the P+ medium with 0.65 mM K~2~SO~4~. Seeds were surface sterilized with 20% (v/v) bleach for 20 min. After three washes in sterile distilled water, seeds were sown on Petri plates containing P+ or P-- medium. After the seeds were stratified at 4 °C for 2 d, the agar plates were placed vertically in a growth room with a photoperiod of 16 h of light and 8 h of darkness at 22--24 °C. The light intensity was 100 μmol m^−2^ s^−1^.

Mutant isolation
----------------

About 80 000 ethylmethane sulphonate (EMS)-mutagenized M~2~ seeds representing ∼5000 M~1~ plant lines were used for mutant screening. The EMS-mutagenized lines were generated according to [@bib44]. The roots of seedlings that had grown vertically for 7 d were overlaid with a 0.5% agar solution containing 0.01% BCIP (5-bromo-4-chloro-3-indoxyl phosphate) for 24 h at 23 °C ([@bib18]). The seedlings with dark-blue BCIP staining were identified as putative mutants and were transferred to soil. The plants were self-pollinated, and the mutant phenotypes were confirmed in the next generation. The mutants were back-crossed to the WT plants twice before they were characterized further.

Genetic mapping of the *HPS4* gene
----------------------------------

The mapping population was generated by crossing the mutant *hps4* to a plant of the L*er* ecotype. The F~2~ progeny that displayed the mutant phenotype were selected, and DNAs from these seedlings were isolated for molecular mapping. A set of simple sequence length polymorphism (SSLP) and cleaved amplified polymorphic sequence (CAPS) markers were used to map the *HPS4* gene. The sequences and chromosomal positions of the molecular markers are listed in [Supplementary Table S1](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) available at *JXB* online.

Quantitative real-time PCR analysis
-----------------------------------

Total RNAs were extracted from 8-day-old seedlings with the TIANGEN RNAprep pure plant kit with on-column DNase I digestion (Tiangen Co., Beijing). The first-strand cDNA was synthesized using oligo(dT) and Takara MLV-Reverse transcriptase. Real-time PCR analysis was carried out on the Applied Biosystems 7500 real-time PCR detection system. UBC mRNA was used as an internal control. The genes and the primers used for detection of their mRNA expression are listed in [Supplementary Table S2](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online.

In-gel assays of the APase profile
----------------------------------

The protein extraction and in-gel assay for APase profiles were performed essentially as described ([@bib40]).

Quantitative analysis of cellular Pi and total P content
--------------------------------------------------------

Cellular Pi content was determined using the method described by [@bib2]. Basically, the pre-weighed fresh shoot and root tissues were submerged in 1 ml of 1% glacial acetate and freeze--thawed eight times. A 100 μl volume of the extract was mixed with 200 μl of H~2~O and 700 μl of Pi reaction buffer containing a mixture of 0.48% NH~4~MoO~4~+2.85% (v/v) H~2~SO~4~ and 10% (w/v) ascorbic acid in a ratio of 6:1. The reaction was allowed to proceed at 37 °C for 1 h. The Pi content was determined at *A* ~820~ according to a pre-made standard curve and was expressed as μmol g^−1^ fresh weight (FW). For determination of total P content, ∼50 mg of fresh tissue was oven-dried at 500 °C for 3 h and flamed to ash. The ashes were dissolved in 100 μl of 30% (v/v) HCl and 10% (v/v) HNO~3~. A 10 μl volume of dissolved sample was mixed with 290 μl of ddH~2~O and 700 μl of Pi reaction buffer, and Pi was quantified by Ames's method. The total P content of plant tissues was determined and expressed as Pi content extracted from flamed ashes.

Measurement of anthocyanin content
----------------------------------

Anthocyanins were extracted with propanol:HCl:H~2~O (18:1:81, v/v/v) at room temperature overnight. Absorbance was measured at 530 nm and 650 nm. Anthocyanin content was expressed as *A* ~530~--*A* ~650~ g^−1^ FW.

Quantitative analysis of total APase activity
---------------------------------------------

About 50 mg of shoot or root tissue was ground in liquid N~2~, and the total protein was extracted in protein extraction buffer \[0.1 M KAc, 20 mM CaCl~2~, 2 mM EDTA, 0.1 mM phenylmethylsulphonyl fluoride (PMSF)\]. For quantitative analysis of total APase activity, 10 μl of extracted proteins was mixed with 620 μl of reaction buffer (10 mM MgCl~2~, 50 mM NaAc, pH 4.9), and 10 μl of *p*-nitrophenol phosphate (10 mg ml^−1^) (*p*NPP; Sigma, N-2770). After incubation at 37 °C for 1 h, the reaction was terminated with 120 μl of 2% SDS. The colour that developed was measured spectrophotometrically at 410 nm, and APase activity was expressed as *A* ~410~ mg^−1^ protein.

Quantitative analysis of root-associated APase activity
-------------------------------------------------------

Root-associated APase activity was measured according to [@bib5] with some modifications. Roots were excised from two 8-day-old seedlings of uniform size and transferred to a 2 ml Eppendorf tube containing 620 μl of reaction buffer (10 mM MgCl~2~, 50 mM NaAc, pH 4.9). A 50 μl aliquot of *p*NPP (5 mg ml^−1^) was added to the tubes, which were incubated at 37 °C for 1 h. Then, 120 μl of 2% SDS was added to terminate the reaction, and absorbance was determined spectrophotometrically at 410 nm. The APase activity was expressed as *A* ~410~ cm^−1^ root.

Histochemical analysis of GUS activity
--------------------------------------

The histochemical analysis of β-glucuronidase (GUS) activity was performed according to Jefferson *et al.* (1989).

Measurement of IAA contents
---------------------------

Free indole-3-acetic acid (IAA) was extracted and purified from apical 5 mm root sections of 9-day-old *hps4* and WT seedlings, and analysed by gas chromatography--mass spectrometry as described ([@bib9]), except that an Agilent 7890/7000 gas chromatographer--mass spectrometer was used, with the separation performed in a DB-5ms column (Agilent, <http://www.agilent.com>). The internal standard \[^13^C\]IAA was purchased from Cambridge Isotope Laboratories (<http://www.isotope.com>).

Method for statistical analysis
-------------------------------

The two-sample *t*-test function of Origin software (OriginLab Corporation, Northampton, USA) was used to perform statistical analysis of the data generated in this work.

Results
=======

*hps4* exhibits enhanced production of root surface-associated APase, reduced anthocyanin accumulation, and increased inhibition of primary root growth under Pi-deficient conditions
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

APase production is a universal response of plants to Pi starvation ([@bib39]). To identify novel molecular components involved in plant responses to Pi starvation, APase was used as a biomarker in a large-scale screen for *Arabidopsis* mutants with altered sensitivity to Pi starvation. M~2~ seeds from EMS-mutagenized M~1~ plants were directly sown on half-strength MS P+ or P-- medium. Nine days after germination (DAG), APase production was examined. APase activity on the root surface can be detected by application of the APase substrate BCIP; cleavage of BCIP by APases produces a blue precipitate ([@bib18]). Using this method, an *Arabidopsis* mutant, *hps4* (*hypersensitive to Pi starvation 4*), was identified with enhanced APase activity on its root surface under P-- conditions as indicated by a dark-blue staining compared with the WT ([Fig. 1B](#fig1){ref-type="fig"}; [Supplementary Fig. S1A](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online). On P+ medium, *hps4* also displayed a light-blue staining, whereas no blue staining was evident on the WT ([Fig. 1B](#fig1){ref-type="fig"}; Supplementary Fig. S1A). Under both P+ and P-- conditions, total APase activity in shoots and roots did not differ between *hps4* and the WT as analysed by both quantitative measurement and in-gel assays ([Supplementary Fig. S1B, C](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1)); however, the secreted, root surface-associated APase activity was much higher for *hps4* than for the WT ([Fig. 1C](#fig1){ref-type="fig"}).

![Growth characteristics, APase activities, and anthocyanin contents of the WT and the *hps4* mutant. (A) Morphology of 9-day-old seedlings of the WT and *hps4* grown on Pi-sufficient (P+) and Pi-deficient (P--) medium. (B) Detection of APase activity by BCIP staining on the root surfaces of WT and *hps4* seedlings shown in A. (C) Root-associated APase activity in 9-day-old seedlings of the WT and *hps4* grown on P+ and P-- medium. (D) Anthocyanin contents in 12-day-old seedlings of the WT and *hps4*. For C and D, values represent the mean and SE of three replicates. Means with asterisks are significantly different from the WT (*P* \< 0.05, two-sample *t*-test).](exbotj_ers131_F0001){#fig1}

Accumulation of anthocyanin is another hallmark response of plants to Pi starvation and is thought to protect chloroplast membranes. Thus, the levels of anthocyanin were compared in the *hps4* mutant and the WT. On P+ medium, anthocyanin levels were low and did not differ between *hps4* and WT plants. Under P-- conditions, anthocyanin accumulation was dramatically increased in both the *hps4* mutant and the WT, but the level was ∼30% lower in *hps4* than in the WT ([Fig. 1D](#fig1){ref-type="fig"}; [Supplementary Fig. S2](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online).

*hps4* was also more sensitive to PSI inhibition of primary root growth. At 9 DAG, the *hps4* primary root was ∼15% shorter than that of the WT on P+ but 70% shorter on P-- medium ([Fig. 1A](#fig1){ref-type="fig"}). In addition, *hps4* formed lateral roots earlier than the WT under P-- conditions ([Fig. 1A](#fig1){ref-type="fig"}).

Expression of PSI genes is enhanced in *hps4*
---------------------------------------------

To examine whether PSI gene expression was affected in *hps4*, the expression of eight PSI genes in *hps4* and the WT was analysed. The PSI genes examined included two high-affinity Pi transporters, *Pht1;1* and *Pht1;4* ([@bib25]); two non-coding transcripts, *At4* and *IPS1* ([@bib6]; [@bib22]); an RNase, *RNS1* ([@bib3]); an *miR399D* ([@bib10]); and two APases, *ACP5* ([@bib8]) and *AtPAP10* ([@bib43]). At 4 DAG, the induction of all eight PSI genes was significantly higher in *hps4* than in the WT under Pi starvation, while induction did not differ when plants were grown on P+ medium ([Fig. 2](#fig2){ref-type="fig"}). At 9 DAG, the expression of six PSI genes was still higher in *hps4* than in the WT, but the expression of the two non-coding transcripts was similar in *hps4* and the WT ([Supplementary Fig. S3](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online).

![Analysis of PSI gene expression in the WT and the *hps4* mutant. Four-day-old seedlings of the WT and *hps4* grown on P+ or P-- medium were used for real-time PCR analysis. The names of the genes examined are indicated on the top of each panel. Values are the means and SD of three biological replicates and represent fold changes normalized to transcript levels of the WT on P+ medium. Means with asterisks are significantly different from the WT (*P* \< 0.05, two-sample *t*-test).](exbotj_ers131_F0002){#fig2}

The contents of total P and cellular Pi were then analysed in 9-day-old WT and *hps4* seedlings. As shown in [Supplementary Fig. S4](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online, total P and cellular Pi contents did not differ significantly between *hps4* and WT shoot and root tissues under either P+ or P-- conditions.

Genetic and molecular analysis of *hps4*
----------------------------------------

When *hps4* was backcrossed to the WT, all F~1~ plants showed WT phenotypes, and F~2~ progeny derived from selfed F~1~ plants segregated into mutant and WT phenotypes in a ratio of 1:3 (55:165). These results indicated that the *hps4* mutant phenotypes were caused by a single recessive mutation. A map-based cloning approach was then used to identify the molecular lesion in *hps4*. *hps4* (Columbia ecotype) was crossed to a plant with Landsberg *erecta* background to establish a mapping population. Using F~2~ progeny derived from this cross, the *HPS4* gene was mapped to a 91 kb region on chromosome 1 ([Supplementary Fig. S5](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online). After sequencing all the annotated genes in this region, a point mutation was found within the *SABRE* gene (At1g58250) ([Fig. 3A](#fig3){ref-type="fig"}). This mutation caused a transition of nucleotide G to C, which converted an alanine to a proline at position of 2118 on the SABRE protein. To confirm that mutated *SABRE* was linked to the mutant phenotypes, regions encompassing the mutated site in 10 WT and 10 mutant F~2~ progeny derived from the cross between *hps4* and the WT (Columbia ecotype) were sequenced. All 10 of the mutant progeny were homozygous for the mutation, and the 10 progeny with the WT phenotype either had no mutation or were heterozygous for the mutation, indicating that the homozygote mutation in the *SABRE* gene was linked to the *hps4* mutant phenotypes; this was consistent with the genetic analysis, which had indicated that *hps4* is caused by a single recessive mutation. The phenotypes of a previously characterized *sabre* mutant (*sab1-1*) ([@bib1]) and six additional SALK T-DNA insertion lines of the *SABRE* gene were then further examined. The T-DNA insertions in *sab1-1* and the six SALK lines disrupted expression of the *SABRE* gene. On the P+ medium, similar to *hps4*, *sab1-1* and the six SALK lines showed light-blue BCIP staining, while on the P-- medium, the roots of the *sab1-1* and six SALK lines had darker blue BCIP staining ([Fig. 3B, C](#fig3){ref-type="fig"}). This provided additional evidence that *hps4* is a new allele of the *SABRE* gene. The length of primary roots of *sab1-1* and the six SALK lines on both P+ and P-- media were, however, much shorter than those of *hps4*. The stronger root phenotypes of *sab1-1* and the six SALK lines were probably due to the complete disruption of transcription of the *SABRE* gene because of T-DNA insertion. In contrast, the transcription level of the *SABRE* gene in *hps4* was not affected by the point mutation, suggesting that *hps4* is only a weak mutant allele (see the results later in the text).

![Molecular cloning of the *HPS4* gene. (A) A diagram of the structure of the HPS4/SABRE protein. The AGI code of the *HPS4* gene is indicated. The filled region indicates the segment that shares sequence homology with a group of Golgi-localized plant proteins. The positions of T-DNA insertions in the *sab1-1*mutant line and six SALK lines, and the position of the point mutation in *hps4* are indicated. The changes in nucleotide and amino acid in the *hps4* mutant are shown in parentheses. (B) Morphologies and BCIP staining of 9-day-old seedlings of the WT, *hps4*, *sab1-1*, and six SALK T-DNA insertion lines grown on P+ and P-- medium. (C) Close-up view of BCIP staining of the seedlings shown in B.](exbotj_ers131_F0003){#fig3}

Expression patterns of the *HPS4/SABRE* gene
--------------------------------------------

*SABRE* was previously identified as a gene that is required for normal cell expansion in *Arabidopsis* ([@bib1]). Alhough analysis of its protein sequence indicated that its C-terminal part (residues 1900--2450, [Fig. 4A](#fig4){ref-type="fig"}) shares homology with the sequences presented in a group of plant Golgi-localized proteins ([@bib31]; [@bib45]), the exact biochemical function of the SABRE protein is still unknown. For the maize homologue of SABRE, APT1, this sequence is required for protein localization to Golgi bodies ([@bib45]).

![Expression patterns of the *HPS4* gene. (A) Relative expression of the *HPS4* gene in different plant organs determined by q-PCR. (B) Tissue-specific expression patterns of the *HPS4::GUS* gene. Top row, from left to right: a 9-day-old seedling, a cotyledon, part of the root elongation zone, and root apex. Middle row, from left to right: a 20-day-old mature plant, stem, and a junction between leaf blade and leaf petiole. Bottom row, from left to right: a fully opened flower, petal, sepal, gynoecium, stamen, and silique.](exbotj_ers131_F0004){#fig4}

A previous study showed that the expression of the *SABRE* gene was so low that it could not be detected by northern blot, even when poly(A) RNA was used ([@bib1]). In this work, quantitative real-time PCR (q-PCR) was used to analyse *SABRE* expression in different plant organs. The results showed that *HPS4*/*SABRE* was expressed in all plant organs but that the expression was lower in roots and stem than in leaves, flowers, and siliques, and that expression was highest in leaves ([Fig. 4A](#fig4){ref-type="fig"}). In the *hps4* mutant, the expression level of *HPS4* was similar to that of the WT (data not shown), indicating that the point mutation in *HPS4* did not affect its RNA stability. To determine further the tissue-specific expression patterns of *HPS4*, a 2 kb DNA sequence was fused upstream of its transcription start site with a GUS reporter gene and this gene construct was transformed into WT plants. Twenty-five independent *HPS4::GUS* transgenic plants were generated, and the GUS expression pattern of one representative line is shown in [Fig. 4B](#fig4){ref-type="fig"}. In a 9-day-old *HPS4::GUS* seedling, GUS expression was observed in all types of cells in the root apex and was restricted to vascular tissue in the upper part of the root. GUS expression was strong in the hypocotyl and the entire cotyledon. In a mature plant, GUS expression was evident in all leaves, with stronger expression in young leaves than in old leaves. GUS expression in the stem was relatively weak, and no GUS expression was detected in leaf petioles. In addition, GUS expression was evident in all flower organs, including the sepal, petal, stamen, and gynoecium. In the silique, GUS expression was high at both ends but weak in the middle. The expression pattern of GUS ([Fig. 4B](#fig4){ref-type="fig"}) was consistent with the q-PCR analysis ([Fig. 4A](#fig4){ref-type="fig"}). Furthermore, it was found that the expression of the *HPS4* gene was not affected by Pi starvation (data not shown).

HPS4 antagonistically interacts with ethylene signalling in regulating plant responses to Pi starvation
-------------------------------------------------------------------------------------------------------

Previous studies indicated that SABRE interacts with ethylene signalling to regulate cell expansion ([@bib1]). Therefore, in order to determine whether HPS4/SABRE was also involved in regulating plant responses to Pi starvation by interacting with ethylene signalling, WT and *hps4* seeds were directly sown on P+ medium. At 5 DAG, the germinated seedlings were transferred to P+ or P-- medium with or without addition of the ethylene action inhibitor Ag^+^. Addition of Ag^+^ to P+ medium had no effect on primary root growth of either the WT or *hps4* but it suppressed the APase activity on the root surface of *hps4* ([Fig. 5A--C](#fig5){ref-type="fig"}). On P-- medium, however, addition of Ag^+^ partially suppressed the PSI inhibition of primary root growth and APase activity of the WT ([Fig. 5A--C](#fig5){ref-type="fig"}), and the hypersensitivity of *hps4* in PSI inhibition of primary root growth and production of APase was reduced ([Fig. 5A--C](#fig5){ref-type="fig"}). The length of the primary root of *hps4* was restored to 85% of that of the WT; that is, the difference in root length became similar to that on P+ medium. When Ag^+^ was added to P-- medium, the APase activity on the root surface of the WT and *hps4* also became similar, and APase activities for both were even lower than that of the WT without the addition of Ag^+^. This result was consistent with a previous finding that ethylene is a positive regulator of PSI production of APase ([@bib15]).

![Effects of the ethylene perception inhibitor Ag^+^ on root growth, APase activity, and anthocyanin accumulation of WT and *hps4* seedlings. (A) Morphology of 9-day-old seedlings of WT and *hps4* grown on P+ and P-- medium with or without addition of 10 μM Ag^+^ (labels are provided below panel B). (B) Close-up view of APase activities detected by BCIP staining on the root surfaces of the seedlings shown in A. (C) Primary root length of 9-day-old seedlings of the WT and *hps4* grown on P+ and P-- medium with or without addition of 10 μM Ag^+^. (D) Anthocyanin accumulation in 9-day-old seedlings of the WT and *hps4* grown on P-- medium with or without addition of 10 μM Ag^+^. For C and D, values represent the mean and SE of three replicates. Means with asterisks are significantly different from the WT (*P* \< 0.05, two-sample *t*-test).](exbotj_ers131_F0005){#fig5}

In a previous work, it was found that enhanced ethylene signalling suppresses anthocyanin accumulation in Pi-starved plants ([@bib15]). Therefore, the effect of Ag^+^ on anthocyanin accumulation in *hps4* was examined. On P-- medium, addition of Ag^+^ increased anthocyanin accumulation in both *hps4* and the WT, and levels of anthocyanin became similar in WT and *hps4* plants ([Fig. 5D](#fig5){ref-type="fig"}). This indicated that the low accumulation of anthocyanin in Pi-starved *hps4* seedlings was caused by enhanced ethylene signalling.

The effect of the ethylene biosynthesis inhibitor AVG on primary root growth and root-associated APase activity was then tested. The seeds of the WT and *hps4* were directly sown on P+ medium. At 5 DAG, the seedlings were transferred to P+ and P-- medium with or without addition of 0.2 μM AVG. After another 7 d, the primary root growth and root-associated APase activity were examined. The results showed that AVG treatment did not suppress these two mutant phenotypes in *hps4* ([Supplementary Fig. S6](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online). This indicated that the mutant phenotypes in *hps4* were not due to enhanced ethylene biosynthesis.

Root tips of Pi-starved *hps4* accumulate more auxin than do those of the WT
----------------------------------------------------------------------------

Several previous studies have shown that ethylene inhibits root growth by up-regulating auxin biosynthesis and interfering with its transport process ([@bib35], [@bib36]; [@bib33]; [@bib37]; [@bib29]). Thus, it was of interest to determine whether the *hps4* mutant accumulates more auxin in its root tissues than the WT under P-- conditions. To test this hypothesis, the free IAA contents of apical 5 mm root sections of 9-day-old *hps4* and WT seedlings grown on P-- medium were directly measured. As shown in [Fig. 6A](#fig6){ref-type="fig"}, the IAA content was about twice as great in the *hps4* mutant than in the WT. Accordingly, the expression of the auxin-responsive genes *GH3.4*, *IAA2*, and *IAA14* was significantly higher in *hps4* than in the WT under Pi starvation ([Fig. 6B](#fig6){ref-type="fig"}). The expression of 10 auxin biosynthetic genes ([@bib48]) was further compared between the WT and *hps4*. Expression of all these genes, except *YUC5*, was significantly higher in *hps4* than in the WT ([Fig. 6C](#fig6){ref-type="fig"}). These results indicated that transcriptional control was involved in the enhanced auxin production in the *hps4* mutant.

![IAA content, and expression of auxin-responsive genes and auxin biosynthetic genes between Pi-starved *hps4* and Pi-starved WT. (A) Free IAA contents in apical 5 mm root sections of 9-day-old seedlings of Pi-starved *hps4* and Pi-starved WT. (B) Relative expression of four auxin-responsive genes in the roots of 9-day-old Pi-starved *hps4* and Pi-starved WT. (C) Relative expression of 10 auxin biosynthetic genes in the roots of 9-day-old Pi-starved *hps4* and Pi-starved WT. In B and C, the expression of all the genes in the WT was set to 1. In A--C, values represent the mean and SE of three replicates. Means with asterisks are significantly different from the WT (*P* \< 0.05, two-sample *t*-test).](exbotj_ers131_F0006){#fig6}

Discussion
==========

Researchers have long recognized that ethylene plays an important role in regulating primary root growth and root hair development under Pi starvation ([@bib11]; [@bib4]; [@bib20]). Recently, it has been shown in several studies that ethylene is involved in regulating PSI gene expression, APase production, and anthocyanin accumulation when plants are subjected to P-- conditions ([@bib15]; [@bib16]; Wang *et al.*, 2012). However, how ethylene signalling interacts with other protein factors to coordinate plant responses to Pi starvation remains unknown.

In this work, an *Arabidopsis* mutant, *hps4*, wasidentified that exhibited enhanced expression of PSI genes and production of root-associated APases, increased inhibition of primary root growth, and reduced accumulation of anthocyanin when grown under P-- conditions. Molecular cloning of *HPS4* indicated that it is a new allele of the *SABRE* gene. In *hps4*, the point mutation in the *SABRE* gene caused a conversion of an alanine to a proline. Proline is generally thought to be a strong disruptor of protein secondary structure, thus such an amino acid conversion might have a strong impact on the conformation of the SABRE protein. So, although the mRNA level of *HPS4* is not altered in *hps4*, the function of the HPS4 protein may still be affected. So far, the biochemical function of SABRE remains unknown. A SABRE homologue, APT1 (aberrant pollen transmission 1), has been identified in maize and proven to be localized in Golgi bodies ([@bib45]). A *SABRE*-like gene, *KIP* (*Kinky Pollen*), was also found in *Arabidopsis* ([@bib31]). Functional disruption of the *APT1* and *KIP* genes caused defects in pollen tube growth in maize and *Arabidopsis*. Because membrane vesicle trafficking at the tip of pollen tube is critical for pollen tube growth, researchers have proposed that the *APT1* and *KIP* genes are required to meet the high secretory demands of tip growth in pollen tubes ([@bib31]; [@bib45]). In *hps4*, the mutated SABRE protein may also affect the protein secretory process because it only increased the activity of secreted root-associated APase ([Fig. 1B, C](#fig1){ref-type="fig"}), but not the total activity of APase in roots ([Supplementary Fig. S1B, C](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) at *JXB* online).

In *Arabidopsis*, SABRE has been suggested to interact with ethylene signalling to regulate cell expansion during root development. In the *sab1-1* mutant, there is a shift in the orientation of expansion in root cortex cells. [@bib1] found that *sab1-1* had a normal level of ethylene production and ethylene responsiveness; however, treatment of *sab1-1* with an inhibitor of ethylene action (Ag^+^) partially rescued its mutant phenotypes. So, they inferred that the extent or direction of cell expansion is determined by the antagonistic interaction between the activity of the SABRE protein and ethylene signalling. According to this explanation, when SABRE function was lost, the equilibrium shifted toward radial expansion under a normal ethylene level ([@bib1]).

The phenotypes of enhanced PSI gene expression, increased production of APase, and reduced accumulation of anthocyanin in *hps4* resemble that of another mutant, *hps2* ([@bib15]). *hps2* contains a T-DNA insertion within the *CTR1* gene that caused plants to display a constitutive ethylene response ([@bib13]). Thus, it was decided to determine whether the mutant phenotypes in *hps4* also resulted from enhanced ethylene signalling (caused by a reduction in HPS4/SABRE activity). The results showed that, when plants were grown on P-- medium supplemented with Ag^+^, the large difference in the root-associated APase activity between the WT and *hps4* disappeared. Furthermore, the root-associated APase activity in both Ag^+^-treated WT and *hps4* plants was even lower than that of untreated WT plants, which was similar to that observed in the ethylene-insensitive mutant *ein2-5* ([@bib15]). In addition, the reduced anthocyanin in *hps4* was reversed to the level of that in the WT by Ag^+^ treatment, suggesting that this mutant phenotype was also caused by enhanced ethylene signalling. Under P-- conditions, the Ag^+^-treated WT primary roots were longer than untreated roots, but they were still shorter than those produced by the WT grown under the P+ condition. This indicated that ethylene is partially involved in PSI inhibition of primary root growth. Similarly, Ag^+^ treatment abolished the hypersensitivity of *hps4* to PSI inhibition of primary root growth, suggesting that the hypersensitivity of *hps4* to PSI inhibition of primary roots was caused by enhanced ethylene signalling. In contrast to treatment with Ag^+^, treatment with the ethylene biosynthesis inhibitor AVG did not suppress the *hps4* mutant phenotypes, further indicating that the hypersensitivity of *hps4* to Pi starvation is not caused by enhanced ethylene biosynthesis.

Several studies have indicated that auxin plays an important role in PSI changes in root architecture. A maximal concentration of auxin at the root tip and polar auxin transport in root tissues are believed to be critical for primary root growth and formation of lateral roots. *Arabidopsis* grown under P-- conditions has enhanced sensitivity to auxin, which is required for development of lateral roots ([@bib19]; [@bib30]). [@bib27] found that Pi-starved root tissues of *Arabidopsis* accumulated twice as much auxin as non-starved root tissues and proposed that Pi starvation changed auxin distribution, which led to the inhibition of primary root growth and the increased development of lateral roots. [@bib24] further indicated that SIZ1, a SUMO E3 ligase, may be a negative regulator of enhanced accumulation of auxin in the root tip of Pi-starved *Arabidopsis* plants. In the *siz1* mutant, more auxin may accumulate at the root tip and thereby enhance inhibition of primary root growth under Pi deficiency. Several recent reports have demonstrated cross-talk between auxin and ethylene in regulating root growth in *Arabidopsis*. Specifically, ethylene inhibits primary root elongation by up-regulating auxin biosynthesis and by altering auxin polar transport ([@bib35], [@bib36]; [@bib33]; [@bib37]; [@bib29]).

Based on the results reviewed in the previous paragraph and the results generated in the current research, it is proposed that Pi starvation increases both ethylene biosynthesis and responsiveness in plant cells. Increased ethylene biosynthesis and/or enhanced ethylene responses would then up-regulate auxin biosynthesis, leading to inhibition of primary root growth. The degree of inhibition of primary root growth induced by Pi starvation would be determined by the antagonistic interactions between ethylene signalling and the activity of HPS4/SABRE proteins. When the activity of HPS4/SABRE is reduced in the *hps4* mutant, the equilibrium between the HPS4/SABRE and ethylene signalling would be broken and the effect of ethylene signalling would be enhanced. This would cause the Pi-starved *hps4* plant to accumulate more auxin in its root tissues. As a consequence, the *hps4* mutant would become more sensitive than the WT to the inhibition of primary root growth triggered by Pi starvation. However, it is also necessary to point out that though this model is supported by direct measurement of free IAA content in *hps4* and the WT, the possibility that enhanced ethylene signalling and an increased auxin level in *hps4* are two independent events triggered by Pi starvation cannot be excluded.

In summary, genetic and molecular approaches have been combined to identify a molecular component, HPS4/SABRE, that interacts with ethylene signalling to regulate multiple plant responses to Pi starvation. This is the first such component to be identified. The biochemical function of HPS4/SABRE, however, remains unknown. To increase understanding of how HPS4/SABRE and ethylene signalling interact to regulate plant responses to Pi starvation, the direct targets or interacting proteins of HPS4/SABRE must now be identified and the biochemical function of the HSP4/SABRE protein should be elucidated.

Supplementary data
==================

[Supplementary data](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) are available at *JXB* online.

[Figure S1](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) **.** APase activity in 9-day-old WT and *hps4* seedlings grown on P+ and P-- medium.

[Figure S2](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) **.** Anthocyanin contents in 14-day-old WT and *hps4* seedlings grown on P+ and P-- medium.

[Figure S3](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) **.** Analysis of PSI gene expression in 9-day-old WT and *hps4* seedlings.

[Figure S4](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) **.** Total phosphorus and cellular Pi contents in 9-day-old WT and *hps4* seedlings grown on P+ and P-- medium.

[Figure S5](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) **.** The strategy for fine mapping of the *HPS4* gene.

[Figure S6](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers131/-/DC1) **.** The effect of AVG treatment on primary root growth and APase activity in WT and *hps4* seedlings.
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